S peckle tracking (ST) echocardiography has emerged as a quantitative ultrasound technique for objectively evaluating myocardial deformation through analysis of the motion of speckles (natural acoustic markers distributed throughout the myocardium) in 2-dimensional (2D) ultrasound images. It allows measurement of myocardial strain, a dimensionless quantity that represents the percentage change from original length, as a noninvasive surrogate of myocardial contractility.
Validation of 2D Speckle Tracking Strain vs MRI
standardization efforts, 5 strain measurements may significantly vary among vendors and software. 6 The few studies performed in cardiac phantoms and animals [7] [8] [9] have shown a good accuracy of 2DST for myocardial deformation measurement using either sonomicrometry or 2D-tagged (2DTagg) cardiac magnetic resonance (MR) imaging (CMR) as reference methods. Indeed, 2DTagg is considered the gold-standard method that provides accurate and reproducible analysis of myocardial function, but studies validating 2DST against 2DTagg in humans have been undertaken in a small number of patients only. [10] [11] [12] Hence, we sought to validate the accuracy of global myocardial strain assessed by 2DST both in vitro by comparing 2DST and 2DTagg measurements against sonomicrometry in a dynamic heart phantom and in vivo by cross comparison of 2DST strain versus 2DTagg in a large population of 136 subjects with different cardiac diseases.
Methods

In Vitro Phantom Measurements
In vitro validation of 2DST and 2DTagg strain measurements versus sonomicrometry was performed using a custom-made MR and echo-compatible dynamic phantom (Philips Research North America, Université Catholique de Louvain and University Hospital of Caen) made of polymerized polyvinyl alcohol 13 doped with phenol microbubbles to simulate acoustic properties of ultrasound speckles. The phantom had a cylindrical shape (8 cm length, 4 cm cavity diameter, and 2 cm wall thickness) mimicking a single cardiac chamber, was placed in an acrylic tank filled with demineralized water, and was animated by 2 computer controlled servo-regulated pneumatic pistons from the apex (torsion, ie, combined rotation and compression, movement) and base (compression only) to produce 14 distinct reproducible motion patterns with different degrees of basal compression/decompression and apical torsion/detorsion. Motion was executed at a rate of 30, 60, 75, and 90 cycles/minute and preceded by a 0.1 mV ECG spike to allow echocardiographic triggering and MR gating. The phantom was fitted with six 2.5-mm sonomicrometry crystals ( Figure 1 ) glued to the surface without affecting the structure of the phantom to allow measurement of endocardial and epicardial longitudinal shortening, as well as circumferential shortening and radial compression using a digital sonomicrometry system (SonoLab and SonoXYZ, Sonometrics, London ON, Canada). Longitudinal 2DST measurements were recorded with the ultrasound probe fixed on a stationary platform in apical long-axis views. Thereafter, prospective 2D longitudinal tagged CMR images were acquired. Only one segment corresponding to the crystal position was evaluated by 2DST and 2DTagg for each contraction pattern.
Study Population and Protocol
The study was IRB approved (Comité Ethique Hospitalo Facultaire de l'Université Catholique de Louvain, Brussels, Belgium and Comité de Protection des Personnes Nord-Ouest III, Caen, France), and all subjects gave written informed consent to participating in the study. At 2 sites (Brussels and Caen), a total of 136 subjects, that is, 36 patients with nonischemic dilated cardiomyopathy, 39 with ischemic heart disease and a previous myocardial infarct, 11 with hypertrophic cardiomyopathies, 19 with aortic stenosis, and 31 healthy volunteers, were prospectively recruited. Healthy volunteers had no history of cardiovascular disease, normal physical examination, routine blood tests, ECG, and bicycle stress test. No subject selection based on image quality was performed. All patients and volunteers underwent echocardiography and CMR within 24 hours.
Two-Dimensional Echocardiography
2D echocardiography was performed using an iE33 ultrasound system (Philips Medical Systems, Andover, MA) equipped with a 1 to 5 MHz transthoracic matrix array transducer (xMATRIX X5.1) by a single experienced physician. 2D grayscale harmonic images were acquired in the 3 standard apical views (2-, 3-, and 4-chamber) and the 3 standard short-axis views (at the basal, mid-, and apical ventricular level) at a frame rate of 55 to 60 frames/s during breath-hold (3 heartbeats each). Care was taken to avoid foreshortening in apical views and to image the true apex in short-axis view. Native 2D images were stored digitally for later off-line analysis.
Myocardial LV deformations were analyzed by speckle tracking using the aCMQ software (QLAB 10.3; Philips Medical System, Andover, MA). 2DST was computed following recommendations 14 using a 16-segment AHA model for circumferential and a 18-segment model for longitudinal strain (LS), each time excluding the apical cap. Global and regional longitudinal and circumferential peak systolic Lagrangian 2DST strains (denoted, respectively, as 2DST GLS, 2DST LS, 2DST GCS, and 2DST CS) were reported as the maximum shortening between end-diastole and end-systole (taken as the time frame of aortic valve closure, as observed in the apical 3-chamber view). The measured deformation for each subregion was a weighted combination of the local displacements, with a greater weight given to the endocardium than to the epicardium. The strain waveform was calculated from the per-region deformation at the endocardial border. The global strain waveform was derived as a weighted average of the regional waveforms, where weights were based on the segment rest length to take into account the fact that longer segments contribute more to the global deformation than smaller ones. Primary analysis included all segments, irrespective of image quality or tracking. Subsequently, a secondary analysis was performed excluding segments with suboptimal image quality or persistent poor tracking.
Cardiac Magnetic Resonance Imaging
CMR studies were acquired using a 3.0T system (Achieva; Philips Medical Systems, Best, Netherlands) in 2 sites (Saint Luc Hospital, Brussels, and GIP CYCERON, Caen). After heart localization, 10 to 12 consecutive short-axis images covering the entire LV and, respectively, 2-to 3--and 4-chamber long-axis images were acquired using a cine steady-state free precession sequence to allow the assessment of myocardial function and mass. Then 8 to 10 contiguous short-axis images and 2-to 3--and 4-chamber views were acquired in identical prescription with a prospectively triggered cine hybrid gradient echo sequence with echoplanar read-out with grid tagging to study the myocardial deformation. Parameters were field of view 40 cm; slice thickness 8 to 10 mm; repetition time 7.2 ms; echo time 2.0 to 4.2 ms; flip angle 12°; echo-planar factor 7; matrix size 256×96-140; temporal resolution 20 to 40 ms; and tag spacing 7 mm. Then 0.2 mmol/kg gadobutrol (Gadovist, Bayer, Germany) were injected, and late gadolinium enhancement (LGE) images were obtained 10 minutes later in identical short-and long-axis prescription.
CMR studies were analyzed using Segment version 1.9 (Medviso, Lund, Sweden; http://segment.heiberg.se) as previously described. 15 LV volumes, mass, and ejection fraction were computed from the short-axis cine images, and LGE was visually assessed and segments classified as noninfarcted or infarcted based on the presence and extent of LGE on postcontrast images. Tagged images were analyzed using Harmonic Phase Imaging software (Diagnosoft version 2.7; Diagnosoft, Inc., Baltimore, MD). The same LV segmentation (18 segments in the apical views and 16 segments in the short-axis views) as for 2DST was used. The waveforms were filtered to remove large outliers and extended in end-diastole using gradient extrapolation to compensate for the delayed acquisition of the first phase (≈30 ms after detection of the ECG R-wave peak time). The global strain waveform was derived as the weighted average of the regional waveforms, to account for different segment sizes. Global and regional endocardial and transmural Lagrangian longitudinal and circumferential peak systolic strains (denoted, respectively, as 2DTagg GLS, 2DTagg LS, 2DTagg GCS, and 2DTagg CS) were reported as the maximum shortening between end-diastole and end-systole and are described in detail in this article. Similarly to 2DST, all segments were included in the initial analysis.
Statistical Analysis
By convention, negative LS and CS values represent myocardial shortening, while positive values indicate myocardial stretching. Primary study end point was comparison of 2DST, with subendocardial 2DTagg on an intention to diagnose (including all segments irrespective of image quality).
Statistical analysis was performed using SPSS version 21.0 (SPSS Inc, Chicago, IL). A P value <0.05 was considered statistically significant. Continuous variables are presented as mean values±SD and categorical variables as counts and percentages. Comparisons of baseline characteristics among of patients were performed using oneway analysis of variance with Games Howell post hoc correction for unequal variances or χ 2 test. Comparison between 2DST and 2DTagg strains and sonomicrometry and between global and regional 2DST and 2DTagg strains was performed using linear Pearson regression, two-way mixed intraclass correlation coefficient (ICC), and BlandAltman methods estimation of bias, either as mean±SD when overestimation was constant, or as percent of mean when bias increased with values. One-way analysis of variance was used to compare differences of regional strains in healthy volunteers. Receiver operating characteristics curves were used to evaluate the diagnostic capabilities of 2DST and 2DTagg to distinguish different degrees of infarct transmurality (≥0%, ≥25%, ≥50%, ≥75% LGE) versus non-infarcted segments in ischemic heart disease patients, and area under receiver operating characteristics curves were compared using the nonparametric test according to the Delong method.
Intra-and interobserver agreement for strain measurement was tested in 10 randomly selected cases according to Bland-Altman method and expressed as bias mean absolute difference ±SD, one-way random and two-way mixed ICC, respectively, and coefficient of variation.
Results
Phantom Study
Sonomicrometry demonstrated only longitudinal but no circumferential or radial motion in the phantom. Despite identical programming, at higher heart rates, range of motion decreased. 
Clinical and CMR Characteristics of Patients
Baseline characteristics and CMR results of the patients and healthy volunteers are presented in Table 1 . Patients with aortic stenosis were significantly older than volunteers and hypertrophic cardiomyopathy (P<0.003), and patients with infarct had significantly higher heart rate than volunteers (P<0.006). Of note, when compared with echocardiography, in the CMR environment, subjects had slightly higher blood pressure values (systolic blood pressure, 122±22 mm Hg versus 130±18 mm Hg; P=0.017 and diastolic blood pressure, 76±15 mm Hg versus 80±11 mm Hg; P=0.027) and comparable heart rate (68±14 versus 69±13; P=NS). Patients with infarct and those with nonischemic dilated cardiomyopathy had statistically higher LV volumes and lower ejection fraction than aortic stenosis, hypertrophic cardiomyopathy, and volunteers (P<0.0001). The LV mass of volunteers was significantly lower than that of patients (P<0.05).
Global Longitudinal and Circumferential Strain
Global subendocardial longitudinal and circumferential strain values by 2DST and 2DTagg in different groups of patients are presented in Table 2 and Figure 3 .
Normal subendocardial strain values in healthy volunteers were −21±2% for GLS and −25±4% for GCS for 2DST and −15±2% for GLS and −16±1% for GCS for 2DTagg. For both GLS and GCS, we found a good agreement between 2DST and 2DTagg (ICC, 0.89, P<0.001 and ICC, 0.80, P<0.001, respectively; Figure 4 ). However, 2DST provided systematically greater myocardial deformation estimates than 2DTagg, with an absolute bias±SD of −4.9±3.0% and −5.2±5.3% and relative bias of −37±27% and −25±37% for GLS and GCS, respectively (Figure 4) . The observed intermodality difference was present in every group of subjects ( Figure 3 ) and was skewed for GCS, with percent bias increasing with magnitude of strain values.
Regional Strain
Normal regional LS and CS in healthy volunteers by 2DST and 2DTagg are shown in Figure 5 . In the volunteers, LS and CS were variable among segments. Segmental variability in volunteers was similar for LS by 2DST and 2DTagg (24% versus 23%; P=NS) but higher for CS by 2DST than 2DTagg (22% versus 15%; P<0.001). For 2DTagg LS, basal anteroseptal and basal inferolateral segments presented lower strain than all other segments, while for 2DTagg CS basal inferoseptal, basal inferior and apical inferior and apical lateral had lower strain than other segments. By contrast for 2DST, both for LS and CS, all apical segments presented significantly higher strains than mid and basal segments (P<0.05).
Agreement between regional subendocardial strains by 2DST and 2DTagg in the entire population are shown in Figure 6A and 6B. The overall agreement at regional level was satisfactory (ICC, 0.55 and ICC, 0.61±0.1, respectively) for both LS and CS, with an average±SD bias between the 2 techniques of −4.5±0.9% and −4.9±1.3% and relative bias of −35±64% and −26±67% for LS and CS, respectively. Yet, as shown by Figure 5 , the agreement varied significantly among segments, with ICC ranging from 0.17 to Figure 6A ). By contrast, for CS ( Figure 6B ), it was lower in anterior, anterolateral, and inferolateral segments than in anteroseptal, inferoseptal, and inferior segments. 2DTagg CS better discriminated (P<0.001) infarcted versus noninfarcted segments of any degree of LGE transmurality than 2DST CS, while 2DTagg LS and 2DST LS had comparatively good results (P>0.05; Figure 7 ). The intrasegment correlation in patients with ischemic heart disease was higher by 2DST than 2DTagg (ICC, 0.61 versus ICC, 0.35, P<0.02 for LS and ICC, 0.53 versus ICC, 0.22, P<0.005 for CS, respectively), indicating higher correlation and regularization of regional strain in infarcted myocardium by 2DST than 2DTagg.
Reproducibility of Echocardiographic and CMR Strain Measurements
The intra-and interobserver variability are shown in Table 3 . Overall, 2D strain measurements showed low variability, with higher intra-than interobserver reproducibility. 2DTagg GLS had comparable agreement with 2DST GLS, while for GCS, the analysis by 2DTagg was more reproducible than by 2DST.
Discussion
In this large 2-center study, we compared 2DST versus 2DTagg for global and regional LV deformation quantification both in vitro and in vivo in patients with various cardiac pathologies. The principal findings of our study can be summarized as follows: (1) 2DST strain measurements are highly accurate in quantifying deformation in vitro when compared with sonomicrometry and 2DTagg. (2) In patients with different cardiac pathologies, 2DST longitudinal and circumferential measures of peak-global systolic strain correlated well with global strain by 2DTagg, but resulted in systematically higher myocardial deformation estimates. (3) On regional basis, the agreement between 2DST LS and CS and 2DTagg was less good and varied strongly among segments. Finally, circumferential 2DST was less accurate to discriminate infarcted segments than 2DTagg CS, while longitudinal 2DST was similarly accurate compared with 2DTagg LS.
2DST is currently widely used for estimation of regional and global deformation by echocardiography; however, significant differences between ultrasound machine vendors for strain measurement have been demonstrated, 6 and therefore, efforts for standardization of deformation imaging between software packages vendors have been undertaken by the industry at the initiative of European Association of Cardiovascular Imaging/ American Association of Echocardiography Task Force. 5 To our knowledge, this is the largest study comparing the use of global and regional LS and CS against 2DTagg and also the first clinical validation of Philips aCMQ QLAB software for strain analysis. In our present study, both 2DST and 2DTagg were highly accurate in vitro to measure deformation versus sonomicrometry, confirming the overall accuracy of the 2 approaches, also reported earlier in animals and phantoms. 9 We observed that both longitudinal and circumferential global 2DST strain estimates showed an excellent agreement with 2DTagg, confirming the overall validity of global 2DST for estimation of global cardiac function. However, compared with 2DTagg, 2DST resulted in systematically higher absolute strain values, both in longitudinal, but even more, in circumferential direction. This acceptable absolute overestimation is, however, blunted by a large magnitude of relative variability. Given that both 2DST and 2DTagg provided identical deformation estimates in the phantom, this finding is surprising, as it would have been expected to obtain similar strain values, irrespective of the method used for strain quantification. However, unlike studies in phantoms and simulated images, it is likely that in clinical practice, factors such as image characteristics (image quality, artifacts, endocardial visualization, and presence of trabeculations), 16 observer variability, 17 and implemented software 6 introduce a non-negligible measurement bias. Likely, the main explanation for the higher strain values by 2DST is that the tracking algorithm contributes to the weighting toward endocardium, because of an extrapolated continuous estimate of the endocardial border to generate strain data, rather than discrete points on the endocardium or phase estimates of relative location of such points. Therefore, 2DST provides more endocardial strain estimates, as opposed to 2DTagg, where tracking of taglines within the myocardium yields strain estimates in more peripheral layers, resulting in lower strain values. This is sustained by the fact that the bias between 2DTagg and 2DST increased when 2DTagg was estimated transmurally rather than subendocardially. Such dissimilarities in tracking and postprocessing algorithms probably also explain the observed differences between 2DST estimates among software packages. 6 Other factors that may have contributed to the difference observed in GCS is the fact that, unlike 2DTagg, where several contiguous short-axis slices AS indicates aortic stenosis; GCS, global circumferential strain; GLS, global longitudinal strain; HCM, hypertrophic cardiomyopathy; ISCH, ischemic heart disease; NONISCH, nonischemic dilated cardiomyopathy; and VOL, volunteers. Validation of 2D Speckle Tracking Strain vs MRI were encompassed in the global circumferential deformation analysis, with echocardiography, only the basal, mid, and apical image slices were used. Finally, the reduced temporal resolution of CMR and delay between ECG signal detection and tag deposition could also account for the lower strain values obtained from tagged data in humans, otherwise not present in the phantom, where a delay between ECG and contraction was prespecified.
Because in clinical practice information on the regional deformation is also of paramount importance, our study also evaluated the accuracy of strain estimates. At regional level, we observed marked functional nonuniformity of the LV in healthy volunteers with strain increasing from base-toapex. This effect was more pronounced with 2DST than with 2DTagg and in particular for circumferential 2DST, but not for circumferential 2DTagg. In the literature, there is debate on the base-to-apex regional functional nonuniformity, with some studies showing no difference in strain between the basal and the apical level by Tissue Doppler Imaging 18 and others describing higher absolute strain values at the apex. 19 We also observed that the agreement between regional 2DST and 2DTagg for both longitudinal and circumferential segmental strain was less good than for global strain values. In particular, there was important bias between regional strains among methods according to location. Therefore, our study questions the value of regional strain estimation, lining-up to recent publications 20 reporting that segmental LS measurements have a higher variability, on top of the known intervendor bias. Similarly to previous work, 21, 22 our study also evaluated the performance of regional LS and LS to discriminate infarcted from noninfarcted segments. For longitudinal regional strain, we observed no differences between 2DST and 2DTagg; however, for regional circumferential strain, 2DST was not as performant as circumferential 2DTagg in detecting segments with LGE. This is probably because of (1) the greater heterogeneity of regional circumferential strain in normal segments and the (2) the more homogenous strain curves distribution and regional peak systolic values regularization by 2DST compared with 2DTagg in the LV of patients with previous infarct, as demonstrated by the superior intrasegment correlations observed with 2DST. It could also relate to the fact that matching segments between imaging modalities may be easier in long-axis than in short-axis views 23 or that LGE quantification was performed on MR short-axis views, which may have favored the circumferential strain by 2DTagg. Nevertheless, we think that these findings also suggest that the current abilities to accurately detect regional deformations of the 2DST algorithm tested in this study are limited.
Finally, our study also demonstrated that 2DST and 2DTagg had similar high reproducibility for GLS assessment, while 2DST has a higher variability compared with 2DTagg for circumferential strain measurement and a lower regional technique feasibility, with more segments nonvisualized particular from circumferential view, as shown in the Data Supplement. Therefore, our study confirms the good reproducibility of strain measurements demonstrated by previous authors. 24 GLS is more often used to characterize LV deformation because its reproducibility is superior to regional strain values, 24 and after efforts of standardization between high-end ultrasound systems, intervendor variability is lower for GLS than for regional strain.
25
Clinical Implications
GLS, and to a far lesser extent, GCS, have been investigated as potential estimates of global cardiac performance in various cardiac diseases, with higher accuracy and reproducibility than 2D ejection fraction by echocardiography. 2DST has, therefore, been proposed as diagnostic and prognostic marker in different cardiac pathologies. Yet the implementation of this approach in clinical practice has been limited by differences in strain values according to software versions and vendors and, accordingly, by the different cutoff values being suggested by different authors. Our study confirms the overall accuracy of GLS and GCS by 2DST for estimation of global cardiac function and contributes to the effort for standardization of 2DST, validating the use of global 2DST by our specific software version.
As our study demonstrated large segmental variability in volunteers, lower agreement and higher bias with 2DTagg according to location, and in particular lower diagnostic accuracy of regional circumferential segmental strain by 2DST versus 2DTagg, we believe that the evidence accumulated to date is not solid enough to recommend using 2DST strain of the currently tested software for regional LV deformation. Moreover, as the slope of the relationship of circumferential 2DST and 2DTagg is steep, the interpretation of changes on serial studies among modalities could be affected. For instance, it could be expected that a change that might look large enough to be significant with 2DST might be much smaller with 2DTagg. 
Limitations
A significant limitation of our phantom is that its deformation is different from true cardiac contraction because motion is passive and homogeneous, and it does not result from shear forces between differently layered myocardial fibers. Therefore, despite crystals placed to measure circumferential shortening and radial thickening, we did not find significant deformation in either of these directions. Also, unlike human heart, there is no gradient between epicardial and endocardial strain and no trabeculae. These findings could explain in part the strain differences between in vitro and in vivo. In our study, we performed 2DTagg on the same day as 2DST and considered this technique as the reference standard for global and regional strain estimates in patients; however, inaccuracy of 2DTagg Harmonic Phase Imaging strain measurements and limited temporal and spatial resolution of 2DTagg could also potentially account for strain differences among methods. Although afterload was 4% higher during CMR than during echocardiography, the magnitude of this difference cannot account for the 40% to 50% strain difference between both methods. An inherent limitation to all studies comparing different imaging modalities is that discrepancies in reported regional strain could have resulted by misregistration of segments among methods. This may indeed account for some of the data variability at regional level and could potentially explain the lower performance of 2DST versus 2DTagg for detection of infarcted segments. While we observed that regional agreement between 2DST were slightly better against transmural than against subendocardial 2DTagg for some (in particular inferior and lateral basal) segments, which could indicate a potential limitation of subendocardial 2DTagg estimates for these segments, we do not believe that this was a major mechanism explaining poor correlation at these levels because diagnostic capabilities for detecting infarcted myocardium for subendocardial and transmural 2DTagg were similarly good. Also, exact temporal definition of end-diastole and end-systole has an important impact on the accuracy of strain measurements, 26 and in our study, timing of the cardiac cycle was slightly different between echocardiography and MR. Indeed, for 2DTagg, exact aortic valve closure is difficult to determine on MR, and therefore, we reported values of peak systolic strain for MR, less influenced by the event timing than end-systole strain values. Because we only tested a single vendor's STE and 2DTagg software, our results cannot be extrapolated to other vendors.
Conclusion
Our findings confirm the overall accuracy of global peak systolic longitudinal and circumferential strains by 2DST for evaluation of global cardiac function as compared with 2DTagg. On regional basis, however, 2DST had lower agreement and was less performant to detect infarcted segments than 2DTagg, suggesting that 2DST may not be similarly reliable for regional deformation analysis. CV indicates coefficient of variation; 2DTagg, 2 dimensional-tagged cardiac magnetic resonance imaging; 2DST, 2-dimensional speckle tracking; GCS, global circumferential strain; GLS, global longitudinal strain; ICC, intraclass correlation coefficient; and SD, standard deviation.
